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use#LAACarbon nanotubes, which have intrinsically small diame-
ters and high aspect ratios and which buckle reversibly, make 
potentially ideal structures for use as tips in scanning probe 
microscopies, such as atomic force microscopy (AFM)1, 2, 3, 4. 
However, the present method of mechanically attaching nano-
tube bundles for tip fabrication is time consuming and selects 
against the smallest nanotubes, limiting the quality of tips. We 
have  developed  a  technique  for  growing  individual  carbon 
nanotube probe tips directly, with control over the orientation, 
by chemical vapour deposition (CVD) from the ends of sili-
con tips. Tips grown in this way may become widely used in 
high-resolution probe microscopy imaging.
Our approach to growing individual nanotube probes in-
volves flattening a conventional silicon (Si) tip at its apex by 
contact AFM imaging and anodizing it in hydrogen fluoride5 
to create nanopores of 50–100 nm diameter along the tip axis. 
Iron catalyst is electrodeposited into the pores from FeSO4so-
lution6, and nanotubes are grown by CVD with ethylene and 
hydrogen at 750 °C. The orientated pore structure was cho-
sen for the catalyst support in order to control the direction of 
growth7 and enable the reproducible production of nanotube 
tips for imaging.
CVD nanotube tips are formed reproducibly after a reac-
tion lasting 10 min (Figure 1). They are usually too long to be 
used as tips, and are shortened by an in situ AFM technique1,2. 
A typical field-emission scanning electron microscopy (FE-
SEM) image of a nanotube tip after it was shortened and used 
for AFM imaging (Figure 1a) shows a well-defined tube 480 
nm long protruding from the Si tip apex. Nanotube tips pro-
duced under these conditions and viewed by FE-SEM have 
an average diameter of 10 ± 5 nm. Further characterization of 
these tips by transmission electron microscopy show that they 
are multi-walled nanotubes (MWNTs) with well-ordered gra-
phene walls (Figure 1b).
AFM  measurements  of  the  cantilever  oscillation  ampli-
tude versus the position above a substrate (Figure 1c) show 
that these individual nanotubes buckle elastically, as observed 
previously  for  mechanically  attached,  arc-grown  MWNTs1. 
Buckling curves can be repeated many times for a given tip, 
demonstrating that both the nanotube and its attachment to 
the Si tip are robust, and can be used to verify in situ that the 
nanotube tip is used for imaging.
The  imaging  performance  of  CVD  nanotube  probes  has 
been characterized using gold nanoparticle standards8 and im-
munoglobulin M. Gold nanoparticles with mean diameters of 
2 and 5 nm were imaged on mica, and the image widths were 
used with a two-sphere model to estimate the tip resolution. 
The results show that we can routinely obtain very high-reso-
lution tips with end radii of 3–6 nm. This is an improvement 
on  our  previous  MWNT  tips2,  our  single-walled  nanotube4 
(SWNT) bundle tips, and commercial Si and Si3N4tips, whose 
radii are generally greater than 5–10 nm. Our tips are also 
very robust and do not readily contaminate (in contrast to the 
sharpest Si and Si3N4ones). They can be used several times 
and, when a tip ultimately fails, the carbon is removed by oxi-
dation (at 500 °C for 20 min) and a new tip is grown by CVD. 
Tips have been through this cycle 20 times with no loss of 
yield or resolution.
These single nanotube tips may also be used for imaging 
biological  macromolecules.  For  example,  intermittent  con-
tact AFM images of IgM (Figure 2) show excellent resolution. 
Routine images show the pentameric structure, including five 
external pairs of antigen-binding fragments and five internal 
crystallizable fragment domains9. Images occasionally exhibit 
a loop structure connecting two of the five domains that might 
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correspond  to  the  joining  loop9.  Higher-resolution AFM  im-
ages have been reported using commercial tips10,11, but only 
of densely packed arrays of proteins. When individual mole-
cules have been imaged with these same tips, the resolution is 
lower11.
Individual CVD nanotube tips routinely show higher-res-
olution images of isolated protein molecules than our previ-
ous results with MWNT and SWNT bundle tips (consistent 
with measurements on gold nanoclusters) and room-tempera-
ture AFM data with commercial tips12, and are comparable to 
the high-resolution data obtained at low temperatures by cryo-
AFM13. Our results reflect the small radii, cylindrical shape 
and low adhesion forces (typically less than 30 pN) of indi-
vidual MWNT tips.
The high resolution of individual MWNT tips means that 
they could be used for imaging nanostructures and functional 
mapping when the ends are modified3. This CVD method also 
could be implemented on a large scale, making nanotube tips 
widely accessible. The resolution may be further improved by 
preparing smaller-diameter SWNT tips14,15, leading to their 
use in many areas of biology and chemistry.
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Figure 2. Imaging IgM macromolecules with a CVD nanotube tip at 
high resolution. Apparent structural differences in individual IgMs are 
due  to  absorption  in  different  orientations.  Molecular  height  ranges 
from 2.5 to 3.5 nm. Scale bar, 100 nm. Inset, high-resolution image of 
IgM. Small white dots, crystallizable Fc fragments; white arrow, pos-
sible position of the joining loop. Scale bar, 10 nm. Images were re-
corded in tapping mode in air with CVD nanotube tips grown on force-
modulation-etched  Si  probes.  Samples  were  prepared  from  mouse 
IgM (>95%, Sigma) by diluting to 2 mg ml–1 in 0.05 M phosphate-buff-
ered saline solution, pH 7.0; 25 μl of the solution was dropped onto 
freshly cleaved mica, allowed to stand for 1 min, rinsed with water and 
dried with nitrogen.
Figure 1. Characterization of CVD nanotube tips. a, FE-SEM image of 
a CVD nanotube tip that has been shortened for imaging. Nanotubes 
were grown from a uniform pore structure consisting of pores about 60 
nm in diameter, with 150 pores per μm2. Scale bar, 1 μm. b, Transmis-
sion electron microscope (TEM) image of a CVD nanotube tip. The en-
tire AFM cantilever/tip assembly with nanotube tip was mounted on a 
custom TEM holder for imaging. Scale bar, 100 nm. c, Tip oscillation 
amplitude (grid marks 5 nm apart) as a function of height above the 
sample (Z position; grid marks 2 nm apart) recorded in force calibra-
tion mode with a Nanoscope III (Digital Instruments). The right of the 
plot corresponds to free oscillation of the tip above the surface. As the 
tip approaches and begins to tap the surface (thin arrow), the ampli-
tude decreases to zero. The oscillation amplitude increases again after 
the nanotube buckles (thick arrow). CVD nanotubes were grown in a 
tube furnace. Tips (with catalyst) were heated by 15 °C per min to 750 
°C in a flow of 950 STP cm3 min–1 argon and 40 STP cm3 min–1 hydro-
gen. At 750 °C, 10 STP cm3 min–1 ethylene was added for 10 min, and 
the furnace was cooled at 15 °C per min in 500 STP cm3 min–1 argon.